Angiogenesis contributes to pathogenesis of many diseases including exudative age-related macular degeneration (AMD). It is normally kept in check by a tightly balanced production of proand anti-angiogenic factors. The up-regulation of the proangiogenic factor, vascular endothelial growth factor, is intimately linked to the pathogenesis of exudative AMD, and its antagonism has been effectively targeted for treatment. However, very little is known about potential changes in expression of antiangiogenic factors and the role they play in choroidal vascular homeostasis and neovascularization associated with AMD. Here we will discuss the important role of thrombospondins and pigment epithelium derived factor, two major endogenous inhibitors of angiogenesis, in retinal and choroidal vascular homeostasis and their potential alterations during AMD and choroidal neovascularization. We will review the cell autonomous function of these proteins in retinal and choroidal vascular cells. We will also discuss the potential targeting of these molecules and use of their mimetic peptides for therapeutic development for exudative AMD.
INTRODUCTION
Age related macular degeneration (AMD) is a major cause of visual impairment in the elderly population worldwide. In 2010, macular degeneration (mainly age-related) was the third most common cause of blindness (8·69% of all cases in 2010) [1] . The global occurrence of AMD is expected to increase with nearly a six-fold rise in aging population from 2010 to 2050. Despite the high prevalence of AMD, its etiology remains largely unknown. AMD is characterized by a progressive degeneration of the macula, and severe vision loss. It presents in two major forms, the dry form which is associated with degeneration of retinal pigmented epithelium (RPE) and photoreceptors, and the exudative or wet form which presents the formation of choroidal neovascularization (CNV) [2, 3] . Neovascularization in the exudative AMD is classified to different subtypes including type 1 (sub-RPE), type 2 (sub-retinal), type 3 (intraretinal) , and mixed neovascularization [4] . The detailed mechanisms underlying the pathogenesis of CNV is not well understood. Early phase of CNV is associated with altered production of angioregulatory factors, and enhanced migration and proliferation of choroidal endothelial cells (ChEC) in the retina rupturing through the Bruch's membrane. In the active phase, CNV starts to expand, either by remaining beneath the RPE or by entering the sub-retinal space (Figure 1 ). Ultimately, in the end phase CNV becomes fibrotic and represents disciform scars [5] [6] [7] . Diameter and thickness of these disciform scars might be influenced by the degree of RPE and photoreceptor cell degeneration [7] .
The increased production of vascular endothelial growth factor (VEGF), a potent proangiogenic factor, is identified as an essential factor in the development and progression of AMD and CNV. Others and we have also proposed that changes in the expression of endogenous inhibitors of angiogenesis, including thrombospondin-1 (TSP1) and pigmented epithelium derived factor (PEDF), make significant contributions to pathogenesis of AMD and CNV, and are major subjects of this review.
The choroidal vasculature plays a crucial role in retinal homeostasis and vision. It functions to dissipate heat and nourish the RPE and outer retinal photoreceptor cells through their fenestrated capillary endothelial cells (EC). Choroidal vascular dysfunction is now recognized as a critical early event in the development and progression of AMD and CNV. The choroid and its vascular system may also be impacted by alterations in inner retinal vasculature as occurs in retinopathy of prematurity and diabetic retinopathy. However, the detailed mechanisms that impact ChEC function and pathogenesis of AMD remains poorly understood, and may be influenced by altered production of many pro-and anti-angiogenic factors including VEGF, PEDF and TSP1, to name a few.
The RPE cells are a major source of ocular angioregulatory proteins, which maintain ocular angiogenesis in check. The impairment of RPE cell function is an early and crucial event in the molecular pathways that lead to clinically relevant AMD changes, and alterations in the angiogenic balance that drives CNV. Neovascularization occurs as a result of altered balanced production of pro-and anti-angiogenic factors, most likely by RPE cells, and may contribute to various eye diseases including diabetic retinopathy and exudative AMD [8] [9] [10] . Many studies have reported impaired production of TSP1 and PEDF in these vascular retinopathies [11] . However, the underlying mechanisms, which contribute to these changes remain largely unexplored.
In humans, TSP1 is present at high levels in the vitreous and aqueous humor, and is a major component of the Bruch's membrane [12, 13] . Decreased TSP1 level in the Bruch's membrane and choroidal vessels during AMD is suggested as a potential contributing factor favoring the formation of CNV [12] . PEDF, a glycoprotein (50 kDa) , is also an endogenous inhibitor of angiogenesis and it is present in the vitreous at high levels [14] . A number of studies have demonstrated important roles for PEDF in modulation of vascular leakage and angiogenesis in AMD and DR [15, 16] . Patients with the dry form of AMD demonstrate a significant decrease in the PEDF plasma levels. In contrast, patients with wet AMD demonstrate a strong positive correlation between VEGF and PEDF concentrations [17] .
Drugs that antagonize VEGF activity are currently the standard of care for treatment of exudative AMD, and effectively delay disease progression in most patients. However, VEGF antagonists significantly improve vision in only 30% of patients, and 20% of treated patients still progress to severe vision loss, becoming legally blind. Combined therapeutic regimens incorporating low-dosage of VEGF antagonists has been suggested as a potential therapy to provide more effective and safer treatment for AMD. Thus, a greater need for development of alternative treatments is highly justified.
Here we will review the physiological role and functional relevance of endogenous inhibitors of angiogenesis, namely TSP1 and PEDF, in ocular vascular homeostasis, and their potential contributions to pathologies of exudative AMD. Furthermore, we propose the potential use of short peptides that mimic the antiangiogenic action of these molecules in the treatment of exudative AMD, alone or in combination with existing therapies.
AMD AND ENDOGENOUS INHIBITORS OF ANGIOGENSIS

Ocular vascular homeostasis
Ocular vascular homeostasis is maintained by a balanced production of positive and negative angioregulatory factors. Different pathological conditions including inflammation, oxidative stress and/or ischemia can disrupt this balance by inducing production of pro-angiogenic factors while suppressing the production of anti-angiogenic factors in damaged cells [18, 19] . The presence of several endogenous inhibitors of angiogenesis including, TSP1, PEDF, endostatin, and angiostatin have been reported in the eye [20, 21] . Some of these antiangiogenic factors need proteolytic processing for their activation [20] . For example, endostatin has antiangiogenic activity only after proteolytic cleavage [21] . TSP1 and PEDF both inhibit angiogenesis through selective induction of apoptosis of EC involved in formation of new blood vessels, without a significant impact on the EC of existing mature blood vessels [22, 23] . Decreased levels of TSP1, PEDF, and endostatin in Bruch's membrane and choriocapillaris complex has been detected in ocular samples form patients with AMD. Furthermore, high levels of TSP1 and PEDF accumulate in disciform scars, a hallmark of CNV formation [5] . These studies suggest that alterations in production of angiogenesis inhibitors by the RPE cells, and their diminished presence in Bruch's membrane and choriocapillaris may play a substantial role in pathogenesis of exudative AMD. However, little is known about the physiological function of these inhibitors in development and function of choriocapillaris, and how their alterations contribute to the pathogenesis of AMD and CNV.
Thrombospondins TSP1 or platelet TSP was the first member of the TSP family identified at high levels in the α-granules of platelets [24] . It is a homotrimeric multi-domain and multi-functional calcium-binding extracellular matrix protein, produced by many cell types including ChEC and RPE cells [25] . TSP1 and TSP2 are the only members of the TSP subfamily with antiangiogenic activity, but only TSP1 has been extensively studied [26] . TSP1 has six major motifs including N-terminal heparin binding domain, procollagen homology domain, type I repeats, type II repeats, type III repeats, and a C-terminal globular cell-binding domain. Domain organization of TSP1 and function of TSP1-derived peptides from these domains are shown in Figure 2 . TSP2 also has a very similar multi-domain organization as TSP1, with the degree of homology with TSP1 increasing when moving from the N-terminus to Cterminus [27, 28] .
The different biological functions of TSP1 is attributed to its interactions with various cell surface receptors that are differentially expressed in a cell type specific manner [29] . Its antiangiogenic activity was the first identified biological function of TSP1 demonstrated in the late 1980s [30, 31] . TSP1 modulates proliferation, migration, differentiation, and apoptosis of various cell types including EC, pericytes, smooth muscle cells, fibroblasts and macrophages [31] [32] [33] . It also has a critical role in the regulation of various biological functions such as vascular homeostasis, immunity and wound healing [31, [34] [35] [36] . Although TSP2 exhibits some unique biological functions, it also shares some of the same biological functions as TSP1. However, the majority of shared functions, such wound healing, are not overlapping but specific to a TSP family member [37] .
TSP1 and retinal vascularization
In eyes, TSP1 is present at high levels in the vitreous and aqueous humor from various species, and is a major component of Bruch's membrane [12, 13] . We have shown that TSP1 expression is required for adequate pruning and re-modeling of the developing retinal vasculature. TSP1 plays an active role in elimination of excess blood vessels during the late stages of retinal vascularization [38] . This effect is mitigated under ischemic conditions when VEGF levels are high. Thus, Thbs1-deficient mice fail to undergo appropriate vascular pruning and as a result exhibit increased vascular density during postnatal retinal vascular development [39, 40] . In addition, we showed that early and premature embryonic expression of TSP1 in the eye results in defective postnatal retinal vascular development and attenuation of retinal neovascularization during oxygen-induced ischemic retinopathy (OIR) [41] .
Animal models have been extensively used in expanding our knowledge and understanding of the pathogenesis of exudative AMD and the development of new effective treatments [42] . Decreased TSP1 levels in the Bruch's membrane and choroidal vessels during AMD suggest a potential regulatory role for TSP1 in pathogenesis of CNV [12] . We recently investigated the impact of TSP1 expression in a mouse model of laser-induced CNV. We showed that Thbs1 −/− mice exhibit significantly larger neovascular lesions compared with wild type (Thbs1 +/+) mice. The average CNV area per eye was significantly increased (~ 8fold) in TSP1 null mice (23,750±4,200 μm 2 , n=15 eyes) compared with WT mice (3,235±910 μm 2 , n=15 eyes) [43] . The increased area of neovascularization was associated with increased recruitment of macrophages in Thbs1 −/− mice following laser rupture of Bruch's membrane. These results are consistent with the anti-angiogenic and antiinflammatory activity of TSP1 [44] [45] [46] and support the hypothesis that aberrant modulation of TSP1 expression contributes to pathogenesis of exudative AMD [47] .
Cell autonomous function of TSP1
Studies from our laboratory have demonstrated that TSP1 differentially affects the function of various ocular cell types which produce TSP1 including EC ( Table 1 ). Retinal EC prepared from TSP1-deficient mice exhibit a pro-angiogenic phenotype through sustained activation of pro-angiogenic signaling pathways [31] . TSP1 regulates VEGF-A-mediated Akt signaling and capillary survival during retinal vascular development [48] . We have shown that Thbs1 −/− retinal EC are more proliferative and migratory [49] . In contrast, Thbs1 −/− choroidal EC are less proliferative and migratory [50] . We also recently showed significant changes in several aspects of RPE cell function associated with TSP1-deficiency, which may contribute to AMD pathogenesis ( Table 1 ). Thbs1 −/− RPE cells exhibited increased proliferation and oxidative stress, and were less migratory. The increased proliferation rate of RPE cells in the absences of TSP1 suggest that TSP1 may negatively impact RPE cell proliferation, as in retinal EC, via CD47 and CD36 receptors, both of which are expressed in RPE cells. Increased macular densities of aging RPE cells is associated with higher apoptotic activity in the macula [51] [52] [53] . This increased death of macular RPE cells may be compensated by migration of peripheral RPE cells [52, 54] . We showed that TSP1 deficiency results in reduced migration of RPE cells. Thus, decreased level of TSP1 during AMD may decrease migration of RPE cells and promote RPE atrophy and progression of the disease.
The increased production of VEGF plays a substantial role in the development and progression of AMD and CNV. TSP1-deficiency resulted in significant changes in the level of VEGF produced by RPE cells further supporting a significant role for TSP1 changes in the development and progression of AMD. The roles of TSP1 in the regulation of angiogenic processes are complex and involve either direct or indirect effects on ocular vascular cells or their extracellular matrix composition. TSP1 conveys its anti-angiogenic effect via CD36, a scavenger receptor, and CD47 expressed on the EC [55] [56] [57] [58] . However, the contribution of these interactions to RPE and choroidal EC function need further investigation.
Another biological feature exhibited in mice lacking TSP1 was increased infiltration of macrophages during early stage of laser-induced CNV, a sign of enhanced inflammation [43] . TSP1 modulates retinal vascular hemostasis and perfusion by regulation of nitric oxide (NO) signaling [31] . NO is a signaling molecule which plays a major role in vasodilatation and permeability [59] . Experimental findings indicated that increased NO production favors the formation of CNV leading to the development of AMD pathologies [60, 61] . Our laboratory previously reported that Thbs1 −/− choroidal EC exhibit higher level of phosphorylated (active) eNOS and a significant increase in intracellular NO levels. In addition, Thbs1 −/− choroidal EC showed significantly higher levels of iNOS, a marker of inflammation, compared to the wild type cells. Elevated iNOS expression may result in significant induction of NO production and oxidative stress through production of peroxynitrate [50, [62] [63] [64] . These observations are consistent with the pro-inflammatory phenotype observed in Thbs1 −/− mice and enhanced laser-induced CNV [43] .
TSP2 and retinal vascularization
The early studies examining TSP expression indicated that TSP2 is not expressed in mouse eyes [65] . However, we showed that TSP2 is not only expressed in retinal astrocytes but its level is increased in TSP1-deficient retinal astrocytes in culture [66] . We later showed that although TSP2 is undetectable in wild type retinal EC, wild type lung EC express significant amount of TSP2 [67] . In addition, Cyp1b1-deficient retinal EC expressed high levels of TSP2. This was attributed to increased oxidative stress in Cyp1b1-deficient retinal EC, and it was reversed by re-expression of Cyp1b1 or incubation with the antioxidant Nacetylcysteine [68] [69] [70] . These studies suggested an important anti-angiogenic role for TSP2 under oxidative stress. We later showed that the retinal pericytes also produce TSP2, and in fact showed that pericytes are the major source of TSP2 production in retinal vasculature using a TSP2 reporter mouse [71] . The Cyp1b1-deficient retinal pericytes expressed higher TSP2 level and they were more proliferative and migratory [69] .
Later we showed that TSP2 is also expressed in the mouse retina at postnatal day 5 (P5) and its level increased by nearly 3-fold and remained high up to P42. This was further confirmed by using wholemount staining and Western blot analysis of TSP2-GFP reporter mice. However, TSP2 protein levels (GFP-reporter) were undetectable at P42 [72] . This is consistent with limited expression of TSP2 protein observed in adult retina. We also showed that choroidal EC, unlike retinal EC, express a significant amount of TSP2. Furthermore, the expression of TSP2 was increased in Thbs1-deficient ChEC [50] . RPE cells also expressed a low amount of TSP2, which was increased in Thbs1-deficient RPE cells [73] . However, the cell autonomous impact of TSP2 expression on choroidal EC and RPE cell functions remain a subject of future investigation.
We have examined the impact of TSP2 expression on postnatal development of retinal vasculature, and retinal and choroidal neovascularization during OIR and laser-induced CNV, respectively. We showed that the primary retinal vasculature develops at a faster rate in Thbs2 −/− mice with a minimal impact on the rate of vascular cell proliferation and apoptosis. Thbs2-deficiency also minimally affected the degree of retinal and choroidal neovascularization [72] . However, TSP2 level was significantly up-regulated in P17 mice subjected to OIR. This could be attributed to increased oxidative stress at this stage and needs further verification. We also showed that although lack of TSP1 had no effect on expression of TSP2 level during normal development or OIR in the retina, the level of TSP1 was significantly lower in the absence of TSP2 [72] . Thus, lack of TSP2 expression in the retina does not cause a compensatory increase in TSP1 levels. These observations are consistent with different roles proposed for TSP1 and TSP2 in regulation of angiogenesis during normal development (TSP2) and reparative processes (TSP1).
The potential therapeutic use of TSP2 as an inhibitor of angiogenesis has not been extensively evaluated. Although the presence of similar anti-angiogenic domains and sequence homology suggest the presence of potential peptides from these regions that may have antiangiogenic and thus therapeutic potential, the availability and utility of such peptides awaits further investigation. Studies evaluating comparable c-terminal peptides from these molecules suggest significant differences among peptides from TSP1 and TSP2 [74] . These results are consistent with non-overlapping function of these members of TSP family and await further studies of TSP2 mimetic peptides.
PIGMENT EPITHELIUM DERIVED FACTOR (PEDF)
PEDF is a non-inhibitory serpin proteinase that was originally detected in the human fetal RPE cell [75, 76] . PEDF is a broadly expressed multifunctional protein with crucial roles in various physiological and pathophysiological mechanisms involved in angiogenesis, neuroprotection, fibrogenesis and inflammatory responses [77] . Neurotrophic or antiangiogenic activity of PEDF is determined by its phosphorylation state via casein kinase (CK2) and protein kinase A (PKA) [78] . Phosphorylation of PEDF by CK2 on Ser24 and Ser114 results in the antiangiogenic activity and a conformational change in PEDF that inhibits PEDF phosphorylation by PKA and eliminates its neurotrophic activity. PKA phosphorylates PEDF at Ser227 resulting in the neurotrophic activity of PEDF and reduced antiangiogenic activity [78] . Structural properties of PEDF and the function of PEDFderived peptides from these domains are shown in Figure 3 . PEDF exhibits a potent inhibitory activity toward angiogenic activity of VEGF and fibroblast growth factor (FGF). PEDF is an endogenous inhibitor of angiogenesis, is present at high levels in the eye, and is capable of blocking the activity of proangiogenic factors. PEDF is postulated to have a major role in neurovascular homeostasis and prevention of angiogenesis in healthy ocular tissue [79] . However, the detailed molecular and cellular mechanisms involved remain largely unknown.
PEDF and retinal vascularization
Altered production of PEDF plays a critical role in retinal differentiation and maintenance of retinal function as well as survival of retinal neurons via its neurotrophic function [80] [81] [82] . In the eye, PEDF modulates blood vessel growth by initiating a permissive environment for angiogenesis while oxygen concentration is low (such as retinopathies and/or tumors) and an inhibitory environment when oxygen concentrations are normal or high [83] . Previous studies in our laboratory investigated the role of PEDF in normal postnatal vascularization of retina and retinal neovascularization during OIR using PEDF deficient (Serpinf1 −/−) mice. High oxygen exposure during OIR results in downregulation of proangiogenic factors and vessel obliteration, and halts further retinal vascular development [84] . When animals are returned to room air, the ischemic retina promote excessive production of angiogenic factors and subsequent abnormal new blood vessel growth. We showed that the primary retinal vasculature developed at a faster rate in Serpinf1 −/− mice. In addition, increased retinal microvessel density is reported in Serpinf1 −/− mice at 3 weeks of age [84] . PEDF deficiency was also associated with a more severe hyperoxia-mediated vessel obliteration during OIR with a significant effects on retinal neovascularization [84] .
We also examined the impact of PEDF deficiency on CNV in a mouse model of laser induced CNV. Our results showed no significant differences in degree of CNV observed in Serpinf1 −/− mice compared with Serpinf1 +/+ mice (Figure 4 ). Zhang and associates reported PEDF acts as a protective factor for retinal EC tight junctions. They showed that intravitreal injection of PEDF reduced retinal vascular permeability in rats with OIR and diabetes [85] . In addition, over-expression of PEDF resulted in dramatic suppression of retinal neovascularization during OIR [86] . Similarly, intravitreal injection of adenoassociated virus encoding PEDF significantly inhibited retinal neovascularization during OIR and choroidal neovascularization during laser induced CNV [87] . Thus, exogenously administrated PEDF has a dramatic anti-angiogenic activity and may have therapeutic potential for inhibition of neovascularization.
PEDF also plays an important neuroprotective role, and promotes the survival of rod photoreceptor cells under degenerative conditions. In vivo studies have indicated that PEDF treatment can drastically delay the progression of photoreceptor degeneration in rodents with retinal degeneration mutations [81, 82, 88] . Changes in and loss of photoreceptors are also reported during AMD, specifically in patients with geographic atrophy [89, 90] . This may suggest a potential link between PEDF loss and photoreceptor degeneration during AMD development. However, we did not observe any sign of photoreceptor degeneration in PEDF deficient mice up to a year of age (Our unpublished data). The neuroprotective effect of PEDF is also reported by others [88, 91, 92] . Administration of exogenous PEDF decreases motor neuron death and protects survival of neurons from atrophy in neonatal mice exposed to sciatic nerve section [93] . However, we have observed a subtle, but not significant, increase in degenerative effect of PEDF deficiency on retinal ganglion cells ( Figure 5 ). Thus, lack of PEDF minimally affected the degeneration of retinal ganglion cells in an optic nerve crush model. Therefore, the impact of endogenous PEDF deficiency may be compensated by other developmental changes minimizing its effect on retinal neurovascular development and function.
Cell autonomous function of PEDF
PEDF was first identified as a secreted protein in conditioned medium from RPE cells, which stimulated neuronal differentiation of Y79 retinoblastoma cell [94] . Soon after, PEDF was recognized as one of the major endogenous inhibitors of angiogenesis among other well defined antiangiogenic factors like TSP1, endostatin and angiostatin [83] . PEDF conveys its anti-angiogenic activity via PEDF receptors mainly by targeting EC. PEDF has a potent activity in inhibition of proliferation and migration of EC. PEDF as a trophic factor may also contribute to attenuation of proliferation by decreasing the number of cells entering S phase of the cell cycle and increasing the number of cells entering G0 [88, 95] . Dawson et al showed that PEDF inhibits EC migration toward different pro-angiogenic factors including VEGF, platelet-derived growth factor (PDGF), interleukin-8 (IL8), acidic fibroblast growth factor, and lysophosphatidic acid [83] . It is suggested that PEDF stimulates Fas ligand (FasL) expression and activates FAS/FASL transduction cascade leading to the EC death [96] .
Studies from our laboratory demonstrated that PEDF differently affects the function of various cell types in the eye including EC and RPE cells ( Table 2) . PEDF also participates in the RPE cell differentiation and maturation [97] . We recently showed that PEDF deficiency greatly affected RPE cell proliferation, migration, adhesion, oxidative state, and phagocytic activity with minimal effect on their basal rate of apoptosis [73] . Altered migration of RPE cells in the absence of PEDF supports its significant contribution in RPE cell degeneration and the pathogenesis of AMD. Similar to RPE cells, choroidal and retinal EC lacking PEDF demonstrated a decreased migratory phenotype (Our unpublished data). This is consistent with the inability of Serpinf1 −/− choroidal and retinal EC to undergo capillary morphogenesis in Matrigel. Thus, expression of PEDF has a significant impact on choroidal and retinal EC phenotype.
The phagocytic function of RPE cells plays a critical role in elimination of toxic metabolic waste as well as RPE cell survival [10, 98, 99] . We reported that PEDF deficiency results in enhanced accumulation of phagocytized materials inside RPE cells. This was associated with impaired proteasome activity of Serpinf1 −/− RPE cells, including decreased caspaselike and trypsin-like activity [73] . Oxidative stress is identified as a crucial factor in the progression of AMD pathogenesis. Loss of RPE defensive mechanisms to cope with oxidative stress can advance retinal degeneration and/or ocular neovascularization [100, 101] . PEDF inhibits apoptosis induced by oxidative stress in retinal pericytes preventing their dysfunction [102] . We showed elevated oxidative stress levels in the Serpinf1 −/− RPE cells [73] and choroidal and retinal EC (Our unpublished data). Cao and associates showed that pretreatment of retinal cultures with PEDF inhibited mitochondrial signal transduction and induced apoptosis when challenged with H 2 O 2 [82] . PEDF can also activate NF-κB signaling pathway resulting in induction of anti-apoptotic and/or neurotrophic factors involved in cell survival [88] . Thus, it appears that PEDF can modulate various signal transduction pathways, perhaps in a tissue specific manner, through its interaction with different receptors on the cell surface.
PEDF ligand/receptor interactions are regulated by heparin and heparan sulfate which promote conformational changes allowing PEDF to bind to its receptor [103, 104] . Two major PEDF receptors have been identified. ATGL (PEDFR) is an 80 kDa protein and is found on motor neurons with a high affinity for the 44-mer PEDF peptide, which is involved in neurotrophic activity. Laminin receptor (LR) is a 60 kDa protein that binds PEDF and is mainly localized on EC. LR has a high affinity for the 34-mer PEDF peptide involved in inhibition of angiogenesis [105] [106] [107] . Regulation of PEDF activity by its specific receptors suggest the use of these receptors and downstream events as target for therapeutic activities. Retinal and choroidal EC, and RPE cells express both PEDF receptors, PEDFR and LR. However, the level of LR was (30-to 100-fold) higher than PEDFR in these cells (Our unpublished data). RPE cells expressed higher levels of PEDF receptors compared with retinal and choroidal EC. Retinal EC also expressed other PEDF receptors including PLXDC2 and PLXDC1 at significantly lower levels (300-and 15,000-fold) than LR (Our unpublished data). Development of antibodies or drugs targeting these receptors and their downstream effectors will provide new treatment modalities for diseases with a neovascular component including cancer and ocular vascular disease such as exudative AMD.
PEDF is also identified as a potent inhibitor of canonical Wnt signaling pathway [108] . The importance of Wnt signaling in various biological processes including inflammation, angiogenesis and fibrosis has been previously discussed [109, 110] . Activation of Wnt signaling plays an important role in oxidative stress, inflammation, and neovascularization associated with diabetic retinopathy and exudative AMD [100, 111] . The activation of Wnt signaling can be attenuated by induced expression of PEDF or administration of exogenous PEDF, as well as other antagonists of this pathway with significant impact on neovascularization. These observations further emphasize the important role of PEDF in pathogenesis of AMD and its potential utilization as target for treatment of exudative AMD.
TSP1 AS POTENTIAL THERAPEUTIC TARGET FOR EXUDATIVE AMD
We were first to report the presence of TSP1 and its antiangiogenic fragment in vitreous and aqueous humor samples of normal human, rat, mouse and bovine eyes [13] . In addition, we showed a dramatic decrease in its level in samples from diabetic rats [13] . Since TSP1 is an endogenous inhibitor of angiogenesis with potential significant clinical impact in pathogenesis of many diseases with a neovascular component, many studies have explored its therapeutic applications providing us with a better understanding of the detailed mechanisms of TSP1 action. The results of these studies facilitated the design of therapeutic strategies to optimize TSP1 function and efficacy. Up-regulation of endogenous TSPs, synthetic TSP1 peptides, recombinant proteins derived from the angiogenic fragment of TSP1, or both, are used to evaluate TSP1 therapeutic effects [28, 40, 45, 112] . Thus, it is important to know the specific function of the TSP1 derived peptides to gain insight into the biological, physiological and pathological function of TSP1. TSP1 expression is required for adequate pruning and re-modeling of the retinal vasculature during development and maintenance of the quiescent state of vasculature [31] . Therefore, alterations in TSP1 levels during AMD may significantly affect ocular vascular hemostasis.
The synthetic peptides from TSP1 have been extensively used in various tumor models in vitro and in vivo [40, [113] [114] [115] . Peptides derived from the properdin-type1 and procollagen homology region of TSP1 attenuate CNV in mice [113] . Several investigators have suggested that TSP1 may also directly contribute in suppression of cancer cell proliferation [33, 40] . ABT-510 was developed to improve the pharmacodynamic and pharmacokinetic activity of the TSP1 type 1 repeat peptide [113] . ABT-510 is a nonapeptide analogue of an antiangiogenic sequence with a single D-amino-acid substitution that initiates 1,000-fold greater antiangiogenic activity. TSP1 is reported as a protective factor in mice with inflammatory bowel disease (IBD) treated with ABT-510 [116] . ABT-510 impacts angiogenesis mechanisms in a negative manner through competition with TSP1 for binding to EC, induction of Fas ligand expression in EC, and inhibition of VEGF activity [117] .
Synthetic manipulations have improved the serum half-life of ABT-510 (NAc SarGlyValDalloIleThrNvaIleArgProNHE) including substitution of the first Ile of GVITRIR with DIle or DalloIle, and the first Arg with norvaline, capping of the terminal amino-and carboxyl-residues [113] . Treatment with ABT-510 increases the apoptotic rate of bovine capillary EC, and human umbilical artery EC to inhibit capillary morphogenesis induced by VEGF, as well as inhibition of CNV induced by basic fibroblast growth factor (bFGF) [113, 118] . Anti-angiogenic mimetic peptides from TSP1 have been extensively used in several preclinical tumor models [40, [113] [114] [115] 119] . ABT-510 is a protective factor in mice with Lewis lung carcinoma, bladder and prostate cancer [113, 116, 118] . ABT-898 is a more recent generation of TSP1 mimic peptide, which successfully decreased tumor size in mice with uveal melanoma [40] . Thus, TSP1 mimetic peptides are efficacious in attenuating angiogenesis and tumor growth.
Studies by our group and others support the strong mimicry activity of TSP1 peptides via normalizing angiogenesis with the TSP1 deficiency due to loss or downregulation. For example, CNV area is approximately 8-fold larger in Thsp1 −/− mice compared with wild type mice [43] . This increase was abolished by intravitreal administration of TSP1 mimetic peptide ABT-898. ABT-898 is a TSP1 octapeptide, which has slower clearance, 10-fold greater potency and no enzymatic cleavage [120] . Furthermore, systemic administration of ABT-898 effectively attenuated tumor growth in a mouse model of uveal melanoma. The average tumor volume in TSP1 peptide-treated mice decreased by approximately 10-fold compared with a control group [40] .
Phase I trial results showed ABT-510 is well tolerated with biologically relevant plasma concentrations (>100 ng/mL lasting at least 3 h/d) and dose proportional, time independent pharmacokinetics [121] [122] [123] . ABT-510 has been evaluated in phase II clinical trials for the treatment of renal cell carcinoma, soft tissue sarcoma, lymphoma, non-small cell lung cancer, and head and neck cancer [124] . The therapeutic benefits of ABT-510 was demonstrated in several malignancies [33] . However, randomized ABT-510 treatment of patients with advanced renal cell carcinoma indicated limited clinical activity [117] .
Combining ABT-510 with other standard treatments is feasible. ABT-510 combined with valporic acid (VPA, histone deacetylase inhibitor) effectively inhibited the growth of small neuroblastoma xenografts through significant reduction of microvascular density, suggesting that this combined regimen may be an effective antiangiogenic therapy for children with high-risk neuroblastoma [33] . Combination of ABT-510 with gemcitabine-cisplatin, 5fluorouracil and leucovorin (5-FU/LV) did not appear to increase toxicity and pharmacokinetic interactions [125] . Our studies indicated that TSP1 mimetic peptides (ABT-510 and ABT-898) attenuate CNV in pre-clinical models. TSP1 blocks angiogenesis through specific apoptosis mechanisms that do not duplicate that of VEGF antagonists. Thus, TSP1 mimetic peptides have the potential to act synergistically and to enhance activity of VEGF antagonists to mitigate CNV. Collectively, based on the promising pre-clinical data provided above, TSP1 peptides are a promising treatment to prevent or arrest CNV progression in patients with exudative AMD and await human trials.
PEDF AS POTETIAL THERAPEUTIC TARGET FOR EXUDATIVE AMD
Endogenous management of blood vessel growth is regulated through proangiogenic factors including VEGF family and anti-angiogenesis factors including TSP1 and PEDF. PEDF is recognized as a major endogenous inhibitor of neovascularization. PEDF, a 50 kDa glycoprotein, is a member of serpin superfamily with no serine protease inhibitor activity [76] . PEDF is a multifunctional protein that has broad spectrum of activities including Farnoodian et al. Page 11 neurotrophic, neuroprotective, anti-inflammatory, anti-tumorigenic, anti-angiogenic and anti-vasopermeability [79, 83, 126] . The inhibitory impact of PEDF on angiogenesis was demonstrated by inhibition of VEGF and FGF activity, only on newly forming blood vessels without affecting pre-existing blood vessels. However, the molecular mechanisms that PEDF utilizes to convey its anti-angiogenesis activity are not very well understood. A recent study reported a direct interaction between PEDF and VEGF receptors which suggest a potential mechanism for the inhibition of angiogenesis [127] . Selective induction of apoptosis in EC of newly forming blood vessels, and its broad distribution and action in different cell types, make PEDF a suitable candidate for anti-angiogenesis therapy. Published PEDF patents have recommended the use of full length PEDF, derived peptides or PEDF gene delivery as anticancer drugs [128, 129] . Therapeutic effects of PEDF in prevention or treatment of melanoma and osteosarcoma cancers are shown in some patent applications [130, 131] .
Introducing exogenous PEDF to a neovascularized area results in the inhibition of both EC migration and proliferation through induction of apoptosis of recruited EC [132] [133] [134] . Reexpression of PEDF in the human esophageal squamous cell carcinoma that normally do not secrete the endogenous PEDF, significantly inhibited their migration and proliferation and halted their growth by suppressing neovascularization [135] . Similarly, constitutive overexpression of PEDF decreased the size of ocular tumors metastasis associated with reduced microvascular density in pre-clinical models [136] . In addition, PEDF over-expression decreased migration and capillary morphogenesis of melanoma cells in vitro [136] . Thus, exogenous administration of PEDF is effective in attenuating angiogenesis and tumor growth.
PEDF is also efficacious in the attenuation of ocular neovascularization. Dawson et al showed that purified, as well as recombinant PEDF, attenuated corneal neovascularization in rats [83] . In another study using a mouse model of ischemia-induced retinopathy, low doses of recombinant PEDF blocked retinal neovascularization without affecting the pre-existing blood vessels and retinal morphology [137] . Intravitreal injection of AdPEDF.11, an adenovirus encoding PEDF, showed significant inhibition of CNV which corresponded with induced apoptosis of EC within the neovascularized area [138] . AdPEDF.11D was tested in an open-label, dose escalation phase I trial to identify the maximum tolerated dose (MTD) and assess safety and potential efficacy in patients with advanced exudative AMD [139] . The result of this study indicated that intravitreal injection of AdPEDF.11D is a feasible approach for the treatment of ocular diseases, since no severe adverse effects in the patients were reported. However, further investigation to evaluate the efficacy of AdPEDF.11 in patients with exudative AMD is needed [140] PEDF mimetic peptides derived from the N-terminal anti-angiogenic epitope showed potent anti-angiogenic activity and PEDF mimicry including apoptosis and major signaling pathways in models of tumor angiogenesis, wound healing and CNV in mice. PEDF peptides have potent anti-angiogenic effects in orthotopics models of prostate and renal cancers [141, 142] . PEDF and PEDF derived peptide 44mer have inhibitory effects against hypoxia induced apoptosis in cardiomyocytes [143] . Studies reported mimicry activity of PEDF 34 and PEDF 18 peptides could inhibit angiogenesis through cellular and molecular events characteristic of anti-angiogenesis of PEDF [141, 142, 144] . In our preliminary studies, we have observed therapeutic efficacy of a PEDF18 derived peptide in a mouse CNV model (Our unpublished data). Thus, for exudative AMD, faced with lack of suitable options for lasting control over a progressive condition, along with adverse effects of current treatments on ocular function and systemic side effects, the use of endogens biological agents provide great opportunity for new treatment modality [145] [146] [147] .
Endostatin
Endostatin is a 25 kDa protein derived from C-terminal region of collagen XVIII, a heparin sulfate proteoglycan (HSPG) core protein [148, 149] . It is a potent endogenous inhibitor of angiogenesis, which presents dual receptor antagonism resulting in anti-angiogenesis and pro-autophagy activity [149] . Endostatin was originally characterized by its inhibitory effect on EC and suppressive tumor-induced angiogenesis [21] . Endostatin conveys its biological activities through multiple interacting receptors. It can bind α5β1, and αvβ3/αvβ5 integrins and antagonize their activity on EC. Furthermore, direct interaction of endostatin with α5β1 integrin leads to induced autophagy in EC that enhances its anti-angiogenic activity [150] . Endostatin binds to cell surface HSPG glypican, VEGFR1 and VEGFR2, and fibronectin receptor α5β1 integrin [151] [152] [153] [154] . Endostatin inhibits VEGF induced phosphorylation by binding directly to VEGFR2 [152] . The anti-angiogenic activity of endostatin was initially identified by its inhibitory impact on blood vessel formation in vivo and further confirmed by systemic administration of endostatin in tumor-bearing mice [21] . Endostatin utilizes broad mechanisms of action to exert its angiostatic activity on EC. The proposed mechanisms include inhibition of matrix metalloproteinase (MMP) activity, a facilitator of migration and invasion of EC and actin disassembly, inhibition of the FAK/Ras/p38-MAPK/ERK signaling cascade via binding to α5β1-integrin, suppression of HIF-1α/ VEGFA, and Wnt signaling [155] [156] [157] [158] [159] [160] [161] .
Altered endostatin levels is associated with different diseases including cancers, vascular and neurological diseases [21, 148, 162, 163] . Decreased level of endostatin occurs in Bruch's membrane and/or choriocapillaris during AMD and retinopathies [5] . Involvement of endostatin as an endogenous inhibitor of angiogenesis in the pathology of various diseases suggests its potential clinical applications through development of novel therapeutics. Currently, clinical endostatin use in the US is in a Phase I trial in patients with advanced exudative AMD [164] . Several research groups suggest that the clinical applications of endostatin in a form of short peptides alone or in combination with other therapy regimens will be a great therapeutic option for treatment of various diseases with a neovascular component [148] .
Angiostatin
Angiostatin is an internal fragment of plasminogen and includes four kringle domains (k1-4) [165] . Kringle structure exists in various proteins and was originally described by a triple loop structure linked by three pairs of disulfide bonds [166] . These kringle domains show anti-angiogenic effect only when cleaved indicating proteolysis plays an important role in the angiogenesis balance by down regulation of angiogenesis [165] . Angiostatin inhibits EC proliferation and EC capillary cell growth [167] . The suppressive impact of angiostatin on the cell growth is mostly restricted to the EC lineage [168] . Angiostatin has an inhibitory impact on metastatic tumor growth mainly through blocking of angiogenesis [167] . Studies have reported that different proteases produced by tumor cells can cleave plasminogen to release angiostatin [165] . Several mechanisms of action are proposed as potential pathways for anti-angiogenesis activity of angiostatin including suppression of EC migration and proliferation via binding to ATPase and/or prevention of the G2/M transition, induced apoptosis of EC, and down regulation of VEGF expression [152, 167, [169] [170] [171] . Angiostatin has anti-tumor activity in different animal models, and has been clinically evaluated in phase I and II clinical trials in patients with progressive metastatic cancer and non-small-cell lung cancer [172] . Decreased level of angiostatin in Bruch's membrane and/or the choriocapillaris complex during AMD has been reported [5] . Currently, angiostatin is tested in the open-label, dose escalation phase I trial to identify the maximum tolerated dose and assess safety and potential efficacy in patients with advanced exudative AMD [164].
CONCLUSIONS AND FUTURE DIRECTIONS
Age-related macular degeneration is a major cause of visual impairment in the elderly population worldwide. Despite the high prevalence of AMD, its etiology remains largely unknown. The increased production of VEGF is identified as an essential factor in development and progression of AMD, and CNV. Intravitreal injection of VEGF antagonists is effective in delaying CNV and pathological progression of the disease. However, safety concerns are emerging regarding long term blockade of VEGF, and loss of ocular integrity due to multiple intravitreal injections and systemic complications. Other major complications associated with chronic use of anti-VEGF include intraocular inflammation, rhegmatogenous retinal detachment, intra ocular pressure elevation, ocular hemorrhage and vascular degeneration [173] [174] [175] [176] [177] [178] [179] . In addition, there are several report indicating RPE tears associated with intravitreal anti-VEGF delivery in patients with exudative AMD [180] [181] [182] . Thus, safe and effective alternative treatments are needed. PEDF and TSP1 are major endogenous inhibitors of ocular angiogenesis, which are deficient in vascular retinopathies including human AMD. Small peptides derived from their active fragments are potently antiangiogenic in preclinical models of ocular diseases and tumors, and restore a normal PEDF and TSP1 status. Our preliminary studies indicate that these peptides attenuate CNV in preclinical models of exudative AMD [40, 41] .
PEDF and TSP1 block angiogenesis through specific apoptosis mechanisms, which are different from the mechanisms of VEGF antagonists. Thus, PEDF and TSP1 mimetic peptides may act synergistically and enhance the effects of VEGF antagonists. Understanding the role of PEDF and TSP1, and their signaling pathways in ocular vascular homeostasis is instrumental in the development of new modalities for the treatment of exudative AMD. In addition, evaluation of the potential therapeutic action of TSP1and PEDF peptides for their mimicry activities of these natural endogenous inhibitors will provide further justification for treatment of CNV. Further exploration into combination therapy of VEGF antagonists and PEDF and/or TSP1 peptides will allow the assessment of their synergistic effect on inhibition of CNV. These approaches will provide an opportunity to identify potential new therapeutic targets for AMD treatment as well as identifying a single, most promising clinically candidate for human clinical trials. 
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Author Manuscript Domain organization of TSP1 and function of TSP1-derived peptides from these domains. PEDF deficiency minimally affects choroidal neovascularization. A) Serpinf1 +/+ and Serpinf1 −/− mice (6-weeks of age; female) were subjected to laser-induced photocoagulation. The area of neovascularization was assessed as previously described [183] . B) The quantitative assessment of data. Please note no significant difference in areas of neovascularization in Serpinf1 −/− mice compared with Serpinf1 +/+ mice (P> 0.05; n=20 eyes). Bar=50 μm.
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Author Manuscript PEDF deficiency does not exacerbate loss of retinal ganglion cells in response to nerve crush. Serpinf1 +/+ and Serpinf1 −/− mice (8 weeks of age; male and female) were subjected to nerve crush procedure (Crush) or procedure without crush (control) as described previously [184, 185] . Animals were sacrificed two-weeks later and retinal flat mounts were evaluated for number of BRN3A (brain-specific homeobox/POU domain protein 3A) positive cells per 100 μm 2 [186] . A) Representative images of retinal flatmounts stained with BRN3A antibody. B) The mean number of BRN3A positive cells per 100 μm 2 . Please note the dramatic decrease in cell number following nerve crush in Serpinf1 +/+ and Serpinf1 −/− mice. The differences between Serpinf1 +/+ and Serpinf1 −/− mice were not significant (P> 0.05; n=8). C) The mean percentage of cells remaining, relative to control. There was no significant difference in percentage of cells remaining in Serpinf1 +/+ compared with Serpinf1 −/− mice (P> 0.05; n=8). Table 1 Impacts of TSP1 expression on function of various retinal cell types. Table 2 Impacts of PEDF expression on function of various retinal cell types. 
